The growth of amorphous carbon (a-C) thin film on a [1 1 1] diamond surface has been studied by a tight-binding (TB) molecular dynamics (MD) technique. Six different three-dimensional networks were constructed with periodic boundary conditions in two dimensions. Time-dependent non-equilibrium growth was simulated with atom-by-atom deposition and it was described as in real experiments without an artificial model of energy dissipation. An additional seventh structure was constructed by a melt quenching procedure which is widely used in computer generations of amorphous networks. The final structures consist of over 100 atoms. Densities, radial distribution functions (RDFs), coordination numbers, bond angle distributions and ring statistics were analyzed. During relaxation the temperature in the amorphous film decreases with stretched-exponential function. The time dependence of bond length and bond angle deviations were also investigated. Ó
Introduction
Carbon is one of the most exciting elements: K or Rb doped C 60 show superconducting behavior, graphite is a good conductor, and it is also a good insulator in diamond form. Coexistence of sp 2 and sp 3 atomic sites can produce non-crystalline structures with a wide range of gap in the density of states. A neutron diffraction study of an amorphous carbon (a-C) sample prepared by a filtered vacuum-arc method, proposed almost one hundred percent of sp 3 atomic configuration (ta-C) [1] . A measurement on another a-C sample [2] showed mostly sp 2 atomic arrangements. The sp 3 =sp 2 ratio of bonding configuration is one of the most important parameter which determines whether it is a conductor, semiconductor or an insulator. The basic procedure for studying the atomic scale structures of non-crystalline solids is, so far, by the computer simulation. The diffraction measurement only reveals information about the structure in one dimension. There is, in addition, no experimental method for the determination of the microscopic arrangement in three dimensions. However, development in today's optics provides scientists with lasers of $10 À15 s pulses. These can be used for the determination of local bonding configurations in the near future. Monte Carlo (MC) and molecular dynamics (MD) schemes are two main simulation methods. Recently, MC and Reverse MC schemes were applied for a-C [3, 4] providing large scale threedimensional models. MC simulations are very successful in finding the local minimal energy on an energy hypersurface, however dynamics of systems cannot be examined. Atomic scale modeling of the ion-beam-induced growth of a-C was simulated by Kaukonen and Nieminen [5] and by J€ a ager and Albe [6] using MD technique. Both works focused on the preparation of ta-C. They both applied classical empirical potentials [7, 8] . A more accurate method is to derive the interatomic potential by quantum mechanical treatment. An approach called Car-Parrinello MD method [9] has been successfully applied for the preparation of a-C [10] [11] [12] . An alternative possibility to this method is to find less time-consuming tight-binding (TB) potentials that could be applied to larger systems (a few hundred atoms). In the last decade applications of different TB potentials were widespread in the MD study of a-C systems [13] [14] [15] [16] [17] [18] .
Our aim was to perform TB MD computer simulations to get thin amorphous films with a large number ($100) of atoms. We used the realistic TB Hamiltonian developed by Xu et al. [19] for carbon systems. The interatomic potential describes accurately the energetic, vibrational, and elastic properties of the diamond (fourfold), graphite (threefold), and linear-chain (twofold) structures in comparison with self-consistent firstprinciples density functional calculations. This realistic TB potential has already been used for the preparation of a-C [13, 18] and was successfully applied for the preparation of fullerenes [20] . In this paper we focus on the relaxation process after the growth and compare the results obtained by the melt quenching method.
Simulation details
Amorphous semiconductor films are usually prepared by atom-by-atom deposition techniques in the labs. During the sample preparation, single atoms or even small clusters move to the substrate. When they reach the surface they could (i) scatter backwards, (ii) penetrate under the surface atoms, (iii) start collision-cascade, or (iv) chemically bond on the surface producing the growth of a-C. The most decisive parameters for processes ((i)-(iv)) are substrate temperature T sub and the kinetic energies E beam of bombarding carbon atoms. The a-C is usually prepared at low pressure (10 À5 mbar), with the substrate temperature lower than 100°C. The aim of our computer simulation was to describe in detail the low energy (1-5 eV) bombardment of the target surface. In this case the occurrence of processes (ii) and (iii) are highly negligible.
We have developed a TB MD computer code [21] to simulate the atom-by-atom deposition on a rectangular diamond a lattice substrate containing 120 carbon atoms. There were 24 fixed atoms at the bottom while the rest of the substrate atoms could move with full dynamics. The simulation cell was open along the [1 1 1] direction (positive zaxis). The kinetic energy of the atoms inside the substrate were rescaled at every time step (Dt ¼ 0:5 fs) in order to keep the substrate at a constant temperature. First, it was kept at a given temperature for 0.5 ps to enable structural relaxation. In the deposition process the frequency of the atomic injection was on average 1=125 fs À1 . This flux is orders of magnitude higher than the deposition rate commonly applied in experiments. However, the low substrate temperatures (100 and 300 K) during simulations cause quick energy dissipation and this may compensate the high deposition rate. Six different three-dimensional a-C networks have been constructed with periodic boundary conditions in two dimensions by this method [21] .
Furthermore, an additional seventh model has been prepared by simulating a rapid cooling technique. In this case the temperature of the model e1T100L (see [21] ) was increased up to 4200 K. Considering this molten form of model e1T100L, as an initial state, the trajectories of the atoms were followed by full dynamics for 10 ps. The substrate temperature was kept at T ¼ 100 K again, which leads to the rapid cooling. After 10 ps, the temperature of the film (melt) decreased into the region at around 100-200 K. We named the final structure e1T100LQ, according to our previous notations (Q is for 'quenching'). This technique can be considered as the computer simulation of splat cooling, where small droplets of melt are brought into contact with the chill-block. We performed this kind of simulation to retrieve information on the difference between rapid cooling and atom-byatom deposition on a substrate.
Results
Comparing models e1T100L and e1T100LQ, there is not really a significant difference in the statistical characteristics. However, locally the structures are not the same. In the e1T100L, there is a fourfold ring close to the diamond substrate (see Table 1 and Fig. 1 ; colored versions of our models can be seen on the following internet site: http://www.physik.uni-marburg.de/$kohary/ icams19.html). The ring is close to the substrate and every atom in the ring has Z ¼ 4 (Z, is the coordination number). In model e1T100LQ, this fourfold ring disappears and only fivefold, sixfold and sevenfold rings are present. Considering the ring statistics (Table 1) , does not exist a big difference between these two models, except for the absence of the fourfold ring in e1T100LQ. We note here that in amorphous silicon films [22] , there is a surprising difference in the ring statistics between the models prepared by 'splat cooling' and by atom-by-atom deposited network. The ratio of the sp 1 , sp 2 and sp 3 sites obtained are almost the same in our constructed structures. Only one extra atom with Z ¼ 4 appeared in the e1T100LQ film, compared to the e1T100L model. The number of atoms with a coordination number equal to three decreased by two and it increased by two for Z ¼ Table 1 Average bond and partial bond distances and their deviations (rms) and ring statistics for different models The data belong to the bulk of the amorphous samples. (By our definition, the bulk is part of the amorphous structure over the substrate, apart from the 3 A A thin layer on the top.) 2. There is no carbon atom with Z ¼ 5 in our films. The densities of the bulks are almost the same, around 2:34 g=cm 3 . Small differences can be observed in the partial bond distance and partial bond angle statistics.
Relaxations of the structures are more interesting. For the e1T100L model, the characteristics of the relaxation was described in [21] . In that paper, after the growth process the e1T100L film relaxed with full dynamics for 5 ps. During this period the substrate was kept at a constant temperature whilst the deposited network was cooling down. The decrease of the temperature was fitted according to T film ¼ c þ expðat þ bÞ K previously. To find the best fit for the stretched exponential decrease T ðtÞ ¼ 100:0 þ exp½at b þ b K, we prolonged the relaxation time for the e1T100 model by an additional 5 ps. The total relaxation for 10 ps can be seen in Fig. 2 . The initial temperature of the amorphous film (melt) in e1T100LQ model was 4200 K. It was then relaxed in a similar way, like the e1T100 model. Fig. 2 shows the temperature versus time for the latter case as well. The fitting data are a ¼ À2:66, )1.84; b ¼ 8:57, 8.4; b ¼ 0:30, 0.24; for e1T100 and e1T100LQ, respectively.
In Fig. 3 the comparison of bond angle deviation for e1T100 and e1T100LQ models can be seen, computed by the formula
where the time average hH i i of the bond angle H i is used instead of H i ðT ¼ 0Þ. All diagrams plotted show stretched-exponential behavior. More interestingly, if we plot the same deviations against the temperature of the amorphous film, we find almost linear dependence (see Fig. 4 ). The radial distributions of the e1T100L model before and after relaxations are displayed in Fig. 5 . The solid line shows the first and second neighbor contributions to radial distribution function (RDF) before relaxation, while the dotted line represents these contributions after relaxation. Peaks in the final structure seem to be a bit narrower and the number of bonds having 1.6-2.2 A A bond lengths is less after relaxation. Numerical analysis provides the same conclusion.
Discussion
Here we turn back to the relaxation of amorphous film temperature against time, in Fig. 2 . It can be seen that the two curves have different relaxation times and parameter b. We note here that the search for the best fit is not a well-defined problem in our case. A slight modification in the parameter list can give qualitatively almost the same fit. However, the difference between the two curves is conspicuous. The system size of the e1T100 model is smaller than for e1T100LQ, and for this reason, the relaxation time of the latter is slower. For smaller systems, because of the temperature gradient in the z-direction, this kinetic energy loss is quicker, while for larger systems it is slower. We believe that this causes the description of the temperature decrease by a stretched-relaxation formula, but still a reasonable microscopic theory is needed to explain this behavior.
The similar dependence on temperature of the thermal deviations for bond angles, determined by Eq. (1), are shown in Fig. 3 . Because the relaxation time is slower for larger systems, we see different slopes if we plot the same data of Fig. 3 against temperature (see Fig. 4 ). However, data for e1T100 and e1T100LQ seem to coincide at low temperatures in Fig. 4 and would provide almost the same deviations from average bond distances and angles at zero temperature, caused simply by the fact of amorphous disorder.
Conclusions
In summary, low energy MD simulations of atomic beam growth on a diamond [1 1 1] surface were carried out. Six different networks were grown by atom-by-atom deposition techniques and the seventh structure was made by a 'splat cooling' technique. The latter method is similar to melt quenching methods, which are widely applied in computer simulations to generate the bulk of amorphous networks. After the growth, the structures were relaxed. The atoms could move with full dynamics in the amorphous film over the substrate, and the substrate temperature was kept constant. The temperature relaxations show stretched-exponential functions. The model prepared by the 'splat cooling' method is not different in a statistical sense to the deposited networks. Our quantum mechanical treatment of the interatomic potential for describing the growth of a-C films is between the pioneer works in this field. The growth process was described as in real experiments without any artificial model of energy dissipation [18] . 
